We study the theoretical and phenomenological constraints imposed on the scalar sector of the gauged two Higgs doublet model proposed recently as a variant of the popular inert Higgs doublet model of dark matter. The requirements of tree-level vacuum stability and perturbative unitarity in the scalar sector are analyzed in detail. Furthermore, taking into account the constraints from the 125 GeV Higgs boson measurements at the Large Hadron Collider, we map out the allowed ranges for the fundamental parameters of the scalar potential in the model.
I. INTRODUCTION
Despite the plentiful and cogent evidences of dark matter (DM) from astrophysical and cosmological observations over several decades, the identity of DM is still unknown. Whether the solution should reside on the particle physics side or belong to the pure gravity doctrine is not settled. Perhaps this dilemma will not be resolved anytime soon and will continue baffling us for a while. On the other hand, after the monumental discovery of the 125 GeV Higgs boson at the Large Hadron Collider (LHC), more data and statistics are still needed to determine whether the observed Higgs boson is the one predicted in the standard model (SM) or it is part of an extended scalar sector proposed in many models beyond the SM (BSM). Among these BSM models with additional scalars, the general two Higgs doublet model (2HDM) is possibly the most popular and well-studied class of models [1] . One of the intriguing 2HDM variants is the inert Higgs doublet model (IHDM) [2] [3] [4] [5] , where the neutral component of the second Higgs doublet, in light of an imposed discrete Z 2 symmetry on the scalar potential, is stable and hence can be a DM candidate. Over the years, many thorough phenomenological analysis of the IHDM had been carried out in the literature [6] [7] [8] [9] , while the origin of multiple inert Higgs doublets in the context of grand unification was explored in [10] .
The discrete Z 2 symmetry, however, is introduced by hand without proper justification.
Besides, it is commonly believed that global symmetry (regardless of being discrete or continuous) is deemed to be strongly violated by gravitational effects [11, 12] . To remedy these unappealing features, we elevate the IHDM into a more theoretically elegant setting [13] , in which the two Higgs doublets H 1 and H 2 comprise a doublet H = (H 1 , H 2 )
T of a new non-abelian SU (2) H gauge group. For various phenomenological reasons, H is also charged under an additional abelian gauge group U (1) X . Gauge invariance ensures that only H 1 can develop a nonzero vacuum expectation value (VEV) while H 2 remains zero. Thus H 1 and H 2 play the role of the SM and inert Higgs doublets respectively. There is no need to impose the discrete Z 2 symmetry in the scalar potential as it can emerge as a low-energy symmetry after spontaneously symmetry breaking. We dubbed this model as Gauged Two
Higgs Doublet Model (G2HDM) in [13] . In IHDM, either the neutral scalar or pseudoscalar component of H 2 can be a DM candidate, while in G2HDM the whole neutral component of H 2 does the job.
Phenomenology of G2HDM at the LHC have been explored previously in [13, 14] for Higgs physics and in [15] for the new gauge bosons. In this work, we will focus on some theoretical issues that were not addressed before. We will analyze the scalar sector in more detail. Our main goal is to identify the allowed regions for the fundamental parameters/couplings in the scalar potential by imposing the tree-level theoretical constraints from vacuum stability and perturbative unitarity, as well as phenomenological constraints from the 125 GeV
Higgs boson measurements at the LHC. Similar studies have been presented for the general 2HDM [16] [17] [18] and for the IHDM [6, 19] .
Vacuum stability comes from the requirement that the potential has to be bounded from below, while perturbative unitarity demands the amplitudes of all scattering processes in the scalar sector to lie within the unitarity circle.
In G2HDM, the VEVs of various scalars in the extended Higgs sector will induce complicated mixings among the scalars in the flavor basis. In particular, the discovered 125 GeV boson at the LHC is in general a linear combination of the three neutral components of H 1 , Φ H and ∆ H , where Φ H and ∆ H are the SU (2) H doublet and triplet respectively. These extra scalars are necessarily introduced in G2HDM for various phenomenological reasons, as explained in detail in [13] . Only in the absence of mixings, would the neutral component of H 1 be identified as the observed 125 GeV Higgs boson. As a result, we have to include these mixing effects when imposing the constraints from the measurements of the Higgs boson mass and the diphoton signal strength. The contributions to the diphoton final state from the charged Higgs bosons and new heavy fermions in G2HDM will be carefully scrutinized.
There are also mixings between H 0 2 , G m H and ∆ m , the lower components of H 2 , Φ H and ∆ H respectively, rendering the analysis of DM physics more involved. We will discuss the extended scalar sector of G2HDM in more detail in the next section. However, the thorough study of DM phenomenology in G2HDM will be carried out in a separate work.
The content of the paper is laid out as follows. In Sec. II, we review some crucial features of the G2HDM, with a focus on the particle content and the scalar potential of the model, followed by discussions on the minimization conditions of the scalar potential and the scalar mass spectra. We will take this opportunity to investigate the impacts of two new terms in the scalar potential which were missing in our previous works. In Sec. III, we study the theoretical constraints on the scalar potential parameters from tree-level vacuum stability and perturbative unitarity of the scalar sector. In Sec. IV, we further impose the LHC constraints associated with the 125 GeV Higgs boson and its diphoton signal strength on the parameter space. Finally, we summarize our findings in Sec. V.
II. G2HDM SET UP
In this section, we start with a brief review on the set-up of G2HDM [13] by specifying its matter content and writing down the scalar potential. Then we will discuss minimization of the potential and the scalar mass spectrum. Only H carries both quantum numbers of the two SU (2)s.
There are different ways of introducing new heavy fermions in the model but we choose a simplest realization: the heavy fermions together with the SM right-handed fermions comprise SU (2) H doublets, while the SM left-handed doublets are singlets under SU (2) H .
We note that heavy right-handed neutrinos paired up with a mirror charged leptons forming SU (2) L doublets was suggested before in [20] . To render the model anomaly-free, four additional chiral (left-handed) fermions for each generation, all singlets under both SU (2) L and SU (2) H , are included. For the Yukawa interactions that couple the fermions to scalars in G2HDM, we refer our readers to [13] for more details.
To avoid some unwanted pieces in the scalar potential and construct gauge invariant Yukawa couplings, we require the matter fields to carry extra U (1) X charges. Thus the complete gauge groups in G2HDM consist of
Apart from the matter content of G2HDM summarized in Table I 1 , there also exist the gauge bosons corresponding to the SM and the extra gauge groups.
The salient features of G2HDM are: (i ) it is free of gauge and gravitational anomalies;
(ii ) renormalizable; (iii ) without resorting to the previous ad-hoc Z 2 symmetry, an inert
H L were denoted as χ u , χ d , χ ν , χ e respectively in [13] .
Higgs doublet H 2 can be naturally realized, providing a DM candidate; (iv ) due to the gauge symmetries, dangerous flavor-changing neutral currents vanish at tree level for the SM sector; (v ) the VEV of the triplet can trigger SU (2) L symmetry breaking while that of Φ H provides a mass to the new fermions through SU (2) H -invariant Yukawa couplings; etc. 
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B. Higgs Potential
The Higgs potential invariant under both SU (2) L × U (1) Y and SU (2) H × U (1) X can be decomposed into four different terms as
2 Here, we consider renormalizable terms only. In addition, while the SU (2) H multiplication is explicitly shown, the SU (2) L multiplication is implicit and suppressed.
with and positive respectively so that one can achieve H 1 = 0 and H 2 = 0 to break SU (2) L . Because the doublet H 2 does not obtain a VEV, its neutral component, if lighter than the charged Higgs, can potentially be a DM candidate whose stability is protected by the SU (2) H gauge symmetry.
• Similarly, the quadratic terms for two fields Φ 1 and Φ 2 have the coefficients
respectively. As in the above cases of H 1 and H 2 , even with a positive µ 2 Φ , one can achieve Φ 1 = 0 and Φ 2 = 0 by judicious choices of the parameters.
• In (4), if −µ 2 ∆ < 0, SU (2) H is spontaneously broken by the VEV ∆ 3 = −v ∆ = 0 with ∆ p,m = 0 by applying an SU (2) H rotation. In fact, this also triggers the symmetry breaking of the other gauge symmetries as discussed in the next subsection.
• All terms in
all the coefficients are necessarily real. Thus the scalar potential in G2HDM is CPconserving.
C. Spontaneous Symmetry Breaking
To facilitate spontaneous symmetry breaking, let us shift the fields as follows
Here v, v Φ and v ∆ are VEVs to be determined by minimization of the potential. The 
Note that the two new couplings λ H and λ HΦ do not appear in Eq. (13) . Thus minimization of the potential in Eq. (13) yield the same set of VEV equations as in [13] . For convenience, we here list them again (14) and (15) to determine v and v Φ respectively.
In this way, one can explicitly see the effects of the triplet's VEV v ∆ on the breaking of the SM SU (2) L × U (1) Y and the U (1) X , after it first triggers SU (2) H symmetry breaking. In Sec. IV, we will study numerically if this trigger mechanism can indeed happen for µ 2 ∆ > 0 and µ 2 H > 0. As pointed out before, the scalar potential of G2HDM is CP-conserving, since all the coefficients in the scalar potential are real. Since the triplet VEV v ∆ satisfies a cubic equation, it may have one real and two complex solutions. The complex solutions are nevertheless unphysical and we will discard such solutions in our numerical scans described in later sections. In the cases where there are three real solutions, we will pick the one that has the lowest energy as long as it is consistent with the SM Higgs VEV v = 246 GeV.
D. Scalar Mass Spectrum
The scalar boson mass spectrum can be obtained from taking the second derivatives of the potential with respect to the various fields and evaluating the results at the minimum of the potential. The mass matrix thus obtained contains three diagonal blocks. The first block is 3 × 3. In the basis of S = {h, φ 2 , δ 3 } it is given by
This matrix can be diagonalized by a similarity transformation with an orthogonal matrix O, defined as |f i ≡ O ij |m j with |f i and |m j referring to the flavor and mass eigenstates respectively,
where the three eigenvalues are in ascending order: The second block is also 3 × 3. In the basis of
It is straightforward to show that Eq. (19) has a massless eigenstate corresponding to the physical Goldstone boson G p , which is a mixture of G 
with
The two physical Goldstone fields are
The field D can be a DM candidate in G2HDM. Note that in the parameter space where the quantity inside the square root of Eq. (20) is very small, ∆ would be nearly degenerate with D. Under this circumstance, we need to include coannihilation processes for relic density calculation. We note that, besides the scalar D, it is possible in G2HDM to have fermionic
to be a DM candidate as well, depending on which one is the lightest. In this work, we will assume D is the DM candidate. In our numerical scan, detailed in later sections, we will check to make sure D must be lighter than W (p,m) , H ± and all heavy fermions.
The final block is 4 × 4 and diagonal with
for the physical charged Higgs H ± , and
for the four Goldstone boson fields G ± , G 0 and G 0 H . Note that we have used the minimization conditions Eqs. (14), (15) and (16) 
III. THEORETICAL CONSTRAINTS
In this section, we will discuss the theoretical constraints arising from tree-level vacuum stability (VS) and perturbative unitarity (PU) on the scalar sector in G2HDM.
A. Vacuum Stability
For the stability of the vacuum we have to examine the scalar potential at large-field values and make sure it is bounded from below. Therefore it is sufficient to consider all the quartic terms in the scalar potential which are
Following the methods in [25, 26] , we introduce the following basis (x, y, z) and two ratios ξ and η, defined as
and
One can show that the ratios satisfy 0 ≤ ξ ≤ 1 and −1 ≤ η ≤ 0. To deduce the conditions for the potential to be bounded from below, we rewrite the quartic terms V 4 in terms of x, y and z with the ratio parameters ξ and η. That is
To achieve V 4 ≥ 0 (positive semidefinite), one may use the Sylvester's criterion requiring all the principal minors of the 3 × 3 symmetric matrix Q(ξ, η) in Eq. (31) to be positive semidefinite:
Another mathematically equivalent way is to require the three eigenvalues of Q(ξ, η) to be positive semidefinite.
According to [27, 28] , using the Sylvester's criterion or requiring semi-positive definite eigenvalues of the quadratic form Q(ξ, η), albeit mathematically rigorous, overly constrain the parameter space in this case. Instead, the notion of copositivity (conditionally positive) criteria was proposed for vacuum stability conditions. This is because the Sylvester's criterion or positive semidefinite requirement applies to the case that the basis (x, y, z) can be either positive or negative, whereas copositivity is applicable to the situation of positive (or non-negative) (x, y, z) only. As our x, y and z are the square of the scalar fields and thus non-negative, requirement of copositivity is more suitable. The copositivity criteria for the 3 × 3 symmetric matrix Q(ξ, η) are [27, 28] (A)
(B)
with 0 ≤ ξ ≤ 1 and −1 ≤ η ≤ 0 as stated before.
B. Perturbative Unitarity
To infer the tree-level perturbative unitarity constraints on the scalar potential parameters, similar to the discussion of vacuum stability above it is sufficient to focus on the quartic couplings. The reason is that at high energies the 2 → 2 scatterings induced by either the scalar cubic couplings or gauge interactions are suppressed by the propagator (which is inversely proportional to momentum transfer squared) compared to those induced by the quartic couplings which do not have such a momentum dependence. We will follow the same procedures adopted in [17] [18] [19] 29] that deduce the perturbative unitarity constraints for the SM, 2HDM and IHDM.
In terms of the physical and Goldstone bosons defined in Eq. (12), the quartic terms V 4
can be written as
We now analyze all the 2 → 2 scalar scatterings induced by the above quartic potential.
(I) The scattering amplitudes with the initial and final states containing one of the following states
can be straightforwardly computed based on Eq. (42) 6 . The corresponding amplitude matrix M 1 in the basis of Eq. (43) is
where the (i, j) element corresponds to the amplitude between the states of the i-th and j-th element of the basis; for instance, the (1, 1) element represents the amplitude of the process h h → h h.
There are 10 eigenvalues in total and seven of them are given by:
where λ
The rest of the eigenvalues are the three roots of the equation
which can be solved either numerically or analytically. Since at very high center-ofmass energies all masses can be ignored, one can take √ s → ∞. 
There also exist processes involving different particles in the initial and final states that can be divided into the following groups:
(II) For the basis {hH 
with eigenvalues 2λ H and 2λ H ± λ H .
(III) For the basis {hG (IV)
(V)
(VI)
(VII)
(VIII)
(IX) The scattering amplitudes of the following processes
are all equal to λ HΦ .
(X) The scattering amplitudes of the following processes
(XI)
(XII) The scattering amplitudes of the following processes
are all equal to λ H∆ .
(XIII) The scattering amplitudes of the following processes
are all equal to λ Φ∆ .
To summarize: For the above 13 groups of scattering processes, perturbative unitarity requires the following constraints
C. Numerical Results from Vacuum Stability and Perturbative Unitarity
In this section, we will present numerical results from the constraints of VS and PU.
The VS constraints correspond to Eqs. (39)-(41) in Sec. III A, i.e. the constraints on the copositivity of the matrix Q(ξ, η). On the other hand, the PU constraints can be found in Sec. III B and are summarized in Eq. (62). For the two ratios ξ and η defined in Eqs. (28) and (29), we will use the endpoint values ξ = 0, 1 and η = −1, 0 in our analysis. In the following, λ H,Φ,∆ and λ H are referred to as the diagonal couplings, and λ HΦ,H∆,Φ∆ and λ HΦ as the off-diagonal couplings.
In the upper-and lower-left panels of Fig. 1 , the allowed regions for diagonal couplings λ Φ and λ ∆ versus off-diagonal couplings λ HΦ and λ H∆ respectively are presented. In fact, the allowed regions projected on to the λ H -λ HΦ (λ H -λ H∆ ) plane behave quite similarly to those of λ Φ -λ HΦ (λ ∆ -λ H∆ ). The green and blue regions are the allowed regions by VS and PU respectively, while only the red regions are allowed when both VS and PU are considered.
Clearly, the constraints from PU (Eq. (62)) alone will impose upper limits on all diagonal couplings λ i , where i = (H, Φ, ∆), as shown by the blue regions for the cases of λ Φ and λ ∆ .
On the other hand, the green regions from the constraints of VS Eqs. (39)- (41) restrict the off-diagonal λ HΦ and λ H∆ to be greater than −2 for the diagonal λ i < 0.1. In contrast, for larger λ i , the windows for negative values of λ HΦ and λ H∆ are widened. In the upper-and lower-right panels of Fig. 1 , the allowed regions on the (λ H , λ HΦ ) and (λ H , λ H∆ ) plane are presented. As in the left panels, the green boundaries are constrained by VS. However, unlike λ H constrained to be positive, a negative value of λ H is more favored.
Recall that λ H (η) ≡ λ H + ηλ H with −1 ≤ η ≤ 0. λ H (η) would turn negative if λ H becomes too positive. This violates one of the VS constraints, λ H (η) ≥ 0 in Eq. (39) . Similar to the two left panels, the small wedge-like regions surrounded by blue and red contours are excluded when the both VS and PU constraints are taken into account.
In Fig. 2 , we present the allowed regions for the off-diagonal terms λ ij s. Obviously, smaller 
IV. HIGGS PHENOMENOLOGY
In this section, we will consider the phenomenological constraints from the Higgs physics at the LHC. 
A. Higgs Diphoton Decay
In G2HDM, as explained above the 125 GeV Higgs boson h 1 is a linear combination of h, φ 2 and δ 3 :
where O ij are the elements of the orthogonal matrix O that diagonalizes the mass matrix M 2 0 displayed in Eq. (18) . The mixing has an impact on both the ggH production and Higgs decay branching ratio into two photons.
Due to the narrow Higgs decay width, the Higgs production will be dominated by the resonance region and thus the cross-section σ(pp → h 1 → γγ) can be well approximated by [30] σ
with the center of mass energy √ s = 13 TeV and the integral of the parton (gluon in this case) distribution function product
evaluated at the scale of µ = m h 1 = 125 GeV. The corresponding signal strength for ggH production is
where the superscript SM refers to the SM Higgs boson h. In G2HDM, Γ (h 1 → gg) receives additional contributions from the new colored heavy fermions while Γ (h 1 → γγ) has extra contributions from both the new charged heavy fermions and the charged Higgs H ± . As a result, one has [13, [31] [32] [33] [34] 
with N C being the number of color and
where λ H = λ H − λ H /2. The symbol f refers to the SM fermions while F denotes the heavy fermions. The form factors for spins 0, and 1 particles are given by
with the function f (τ ) defined as
The parameters τ i = m On the other hand, the partial decay width of h 1 into two gluons mediated by the SM quarks and the new colored fermions is [31] [32] [33] 
Depending on the sign of O 21 /O 11 , the contributions from the new heavy quarks in G2HDM
can increase or decrease the branching fraction. Note also the suppression factor of the small ratio v/v Φ for the contributions from new heavy quarks. 
B. Numerical Results from Higgs Physics
In this subsection, we will discuss constraints on the scalar quartic couplings λs from
Higgs physics only (marked in orange) and from Higgs physics (HP) plus the aforemen- In addition, other theoretical criteria are also implemented: (i) the charged Higgs H ± and the extra gauge boson W (p,m) must be heavier than the DM particle D, (ii) any point with negative scalar mass squared is discarded, and (iii) the vacuum must be a global minimum.
Since λ H contributes to the charged Higgs mass and the h 1 H + H − coupling through mixing effects but not to the neutral Higgs mass spectra, its constraint from the current LHC Higgs data is coming from the charged Higgs running inside the triangle diagram of diphoton channel, which is quite loose, in particular when the charged Higgs mass is getting very heavy.
To deduce the constraints from HP, we will adopt the allowed ranges for all the λ-parameters from the theoretical VS and PU constraints in Eqs. (39) , (40), (41) and (62).
Additional parameters needed to be considered in this subsection are M H∆ , M Φ∆ and the VEVs (v, v Φ , v ∆ ). We will fix v = 246 GeV as the SM Higgs VEV but v Φ will be set to 10
TeV in order to make the new gauge bosons heavy and thus satisfy the bounds from LHC
high-mass resonances searches [36, 37] . The third VEV v ∆ will take values in the range {0.5, 20} TeV and the two parameters M H∆ and M Φ∆ will be varied in the range {−1, 1}
TeV. Once these parameters have been chosen, the minimization conditions Eqs. (14), (15) and (16) To ensure the new heavy fermion masses will not contradict our assumption that D is the dark matter candidate, we will take them to be 1 TeV heavier than D. However, our results are not sensitive to the precise values of the new heavy fermion masses as long as they are much heavier than the SM Higgs mass.
In the left columns of Fig. 3 , from top to bottom, we project out the allowed regions of λ H , The Higgs data constraints alone sets a lower limit for λ H ≥ 0.13 but not for λ Φ . The lower limit stems from the fact that in the limit of v v Φ and v ∆ , the mixing among h, φ 2 and δ 3 can only decrease the lightest eigenstate mass m h 1 7 which can be only compensated by a larger λ H (≥ 0.13). To increase m h 1 , one would need λ H ≥ 0.13. By including the constraints from VS and PU conditions, one obtains 0.13 ≤ λ H ≤ 2.58 and 0 ≤ λ Φ ≤ 5. The allowed range of λ H∆ is wider than that of λ HΦ is simply because the value of v Φ is fixed but v ∆ is varied in our setup. In general the theoretical (VS+PU) constraints (in particular the PU constraints) are much stringent than the Higgs data constraint.
Similarly, in the right column of Fig. 3 , we plot the allowed regions from top to bottom for the (λ H , λ HΦ ), (λ H , λ H∆ ) and (λ ∆ , λ H∆ ) planes. Since as indicated in the left panels current LHC Higgs data is more sensitive to the parameters λ H , λ HΦ and to a lesser extent λ H∆ but not others, we will not show the Higgs data constraints in all the subsequent plots.
Instead we present only the theoretical (VS + PU) constraints in red and the combined (VS+PU+HP) constraints in magenta. It is clear that combining the Higgs data constraints with the theoretical constraints can further reduce the allowed regions for these parameters - of diagonal versus off-diagonal parameters will be summarized in the next section.
Next, we present the impacts of HP constraints on some of purely off-diagonal parameter planes (λ ij , λ kl ) in Fig. 4 . Comparing the two parameters λ HΦ and λ HΦ , their favored regions by the Higgs data behave quite differently as they are constrained in different ways. The exclusion of the region λ HΦ 4 is owing to the SM Higgs mass, whereas λ HΦ is forced to be greater than −1, in light of prohibition of tachyonic modes for any of the scalars. Overall, λ HΦ is more constrained by the Higgs physics data than λ Φ∆ , λ H∆ and λ HΦ . Allowed regions on the other planes of off-diagonal versus off-diagonal parameters will be summarized in the next section.
In addition to the above bounds on λs, we find that the mass parameter M Φ∆ has a Before leaving this section, we discuss the impact of the measured Higgs diphoton signal strength µ γγ ggH from the LHC. Note that a similar analysis was presented in the previous work [13] . We here improve our previous analysis by including effects of the new heavy fermion loops on both the Higgs production and the decay into two photons. In addition, we have also checked the Higgs to τ + τ − decay channel which has a larger uncertainty (a factor of 2 or so) than the diphoton channel [38] , as shown in Fig. 5 . Note that µ 11 . One can expect a similar behaviour in other decay channels such as bb, W + W − and ZZ, which also have bigger uncertainties. We would like to come back to this point for a more complete analysis in the future, when more data are collected at the LHC.
In Fig. 6 , we show the scan results of µ ggH versus O matter D a much lighter mass. scalar potential of G2HDM at tree level. The 125 GeV Higgs physics data from the LHC are also taken into account, in particular the Higgs mass and its diphoton signal strength. We have improved the G2HDM scalar potential by including two new couplings λ H and λ HΦ , which were missing in our previous work. Although these two new couplings do not alter the minimization conditions of the scalar potential, their impacts on the scalar mass spectrum and effects on the VS, PU and HP constraints are analyzed in detail. We have recomputed the diphoton signal strength for the 125 GeV Higgs. We have included the contributions of the new heavy fermions in G2HDM and demonstrated that their effects can be significant in the diphoton channel. The charged Higgs contribution is also found to be significant if its mass is in the range of 100 to 300 GeV. Overall the diphoton signal strength is found to be < ∼ 1 in G2HDM. In particular G2HDM can naturally accommodate the current ATLAS central value of 0.81 for the diphoton signal strength from gluon-gluon fusion production.
We note that the corresponding central value from CMS is 1.10 [39] which is not favorable in G2HDM with the present numerical set-up in this work. However we are quoting the LHC Run II data from ATLAS and CMS in our analysis, while the combined results from both experiments are not available yet.
In Fig. 9 , we summarize the allowed regions of the multi-dimensional parameter space projected on all the two-dimensional planes comprised of the four diagonal couplings λ H,Φ,∆ , We emphasize that our analysis in this work is based upon tree-level VS and PU. Perturbative unitarity constraints can be improved by including the cubic scalar couplings M H∆ and M Φ∆ . Recently, cubic scalar couplings are found to be significantly improved by the unitarity constraints in various models beyond the SM if the center-of-mass energy is not taken asymptotically infinite [40] [41] [42] . Further improvement of our current analysis can be carried out by including renormalization group running effects for all the quartic couplings as well as the two cubic couplings. These issues are interesting but beyond the scope of this work. We would like to come back to these issues in the future.
G2HDM is an interesting variant of the popular IHDM with a neutral component in the second Higgs doublet as a DM candidate. It would be interesting to include DM constraints from cosmology, direct and indirect detections as well as collider searches in our analysis.
This work is in progress [43] and we will report it elsewhere.
